Abstract. In this study the performance (in terms of carbon and nutrient removal) and N 2 O emission of two plant configurations adopting innovative technologies were investigated. With this regards, an University Cape Town (UCT) membrane bioreactor (MBR) plant and an Integrated Fixed Film Activated Sludge (IFAS) -UCT-MBR plant were monitored. Both plants treat real wastewater under two different values of the influent carbon nitrogen ratio (C/N = 5 mgCOD/mgN and C/N = 10 mgCOD/mgN). Results have shown the highest carbon and nutrients removal efficiencies for the IFAS-UCT-MBR configuration during both the two investigated C/N values. Furthermore, the lowest N 2 O emission occurred for the IFAS-UCT-MBR.
Introduction
Nitrogen (N) and phosphorus (P) compounds (nutrients), discharged with wastewater, could seriously affect the quality of receiving water bodies, since their presence favours eutrophication and can be toxic for the aquatic organisms (Wang et al. 2006 ). Therefore, their removal from wastewater is an imperative requirement. With this regards, biological nutrient removal (BNR) processes have been largely explored, since they have the advantage of avoiding the use of chemicals compared with chemical processes. Despite conventional activated sludge (CAS) processes are effective for removal of organic and nutrients compounds, the overall efficiency is strictly depending on the final settler operation (Wanner 2002) . Therefore, in the last years new and innovative technologies have been investigated in order to overcome the main drawbacks of the CAS systems and meet stricter water quality effluent limits. In this context, membrane bioreactor (MBR) technology guarantees higher effluent standard and has also the advantage of making the efficiency of the biological processes independent from the biomass settling properties.
Among the new technologies, it is notwithstanding to mention the moving bed biofilm reactors (MBBR), where biomass grows as biofilm on small plastic carrier elements, and MBBR-based Integrated Fixed Film Activated Sludge (IFAS) reactors, where biomass grows both as suspended flocs and as biofilm. When IFAS systems are combined with a MBR (realizing an IFAS-MBR) there is the potential to gain the best characteristics of both biofilm processes and membrane separation. IFAS -MBR reactors are especially useful when slowly growing organisms as nitrifiers have to be maintained inside a WWTP limiting the required reactor volumes due to the coexistence of both suspended biomass and biofilm and membrane separation. Although MBR and IFAS-MBR systems have several advantages with respect to CAS, they are characterized by specific peculiarities, which would strongly influence greenhouse gas (GHG) production/emission (mainly nitrous oxide, N 2 O produced during the BNR processes). For example, the intensive aeration for fouling mitigation in MBR can promote the N 2 O stripping. However, very few studies have been performed with this concern in biofilm and MBR systems (Todt and Dörsch 2016; Mannina et al. 2017) . Therefore, further investigations are required in order to identify the key operating factors affecting the N 2 O emission from plants where advanced technologies are adopted. With this regards the main goal of this work is to investigate the performance (in terms of carbon and nutrient removal) and N 2 O emission of two plant configurations adopting innovative technologies: i. University Cape Town (UCT) MBR plant; ii. IFAS-UCT-MBR plant. Both plants treat real wastewater under two different values of the influent carbon nitrogen ratio (C/N = 5 mgCOD/mgN and C/N = 10 mgCOD/mgN).
Materials and Methods

Pilot Plants
Two pilot plants were built at the Laboratory of Sanitary and Environmental Engineering of Palermo University. In particular, a University Cape Town (UCT) Membrane Bioreactor (MBR) and an Integrated Fixed Film Activated Sludge (IFAS) UCT-MBR were studied under two different values of the influent C/N ratio. Both plants were characterized by identical reactors dimensions and lay-out. In particular, both pilot plants consisted of a 62 L stirred anaerobic reactor, a 102 L stirred anoxic reactor and a 221 L aerobic reactor, provided with fine bubble diffusers. In the membrane compartment was placed an ultrafiltration hollow fiber membrane module (Koch Puron® 3 bundle) characterized by a pore size of 0.03 lm and membrane net area of 1.4 m 2 . In the IFAS-UCT-MBR plant, suspended plastic carriers (Amitech®, 0.95 gÁcm −3 and 500 m 2 m −3 density and specific surface respectively) were placed into aerobic and anoxic reactor in order to reach a filling ratio equal to 40% and 15% corresponding to a net surface area equal to 200 m 2 Ám −3 and 75 m 2 m −3 respectively. The anaerobic, anoxic, aerobic and MBR reactors were equipped with specific covers that made it possible to collect and sample the overall gas in the headspace from each compartment of the pilot plant.
Influent Wastewater
The pilot plant was fed with municipal wastewater mixed with a synthetic wastewater in order to control the C/N ratio. The experimental campaign was divided into two phases, each characterized by a different C/N value. The UCT-MBR plant was operated at the sludge retention time (SRT) value of 50 days (for C/N = 5 mgCOD/mgN) and 40 days (for C/N = 10 mgCOD/mgN). The IFAS-UCT-MBR plant was operated at the SRT value of 65 days (for C/N = 5 mgCOD/mgN) and 40 days (for C/N = 10 mgCOD/mgN).
Sampling and Monitoring Campaign
The influent wastewater, the different reactors and the effluent permeate were sampled and analyzed for chemical oxygen demand (COD), biochemical oxygen demand (BOD), total nitrogen (TN), ammonium nitrogen (NH 4 -N), nitrate nitrogen (NO 3 -N), nitrite nitrogen (NO 2 -N), orthophosphate (PO 4 -P). All analyses were performed according to the APHA (2005).
The respirometric batch experiments were carried out on a "flowing gas/static-liquid" respirometer, according to the procedure described in literature (Mannina et al. 2017) . Extracellular polymeric substances (EPSs) were extracted according to the procedure reported in literature (Cosenza et al. 2013; Mannina et al. 2016) . The membrane fouling has been analysed according to the procedure reported in literature (Mannina et al. 2016) .
Gas samples were collected from the funnel shape cover of the anaerobic, anoxic, aerobic and MBR reactors and transferred into glass vials and analysed with a gas chromatograph (GC). Air velocity was assessed by using a TMA 21HW Hot Wire anemometer in order to evaluate the gas flux. Liquid samples were collected from the anaerobic, anoxic, aerobic and MBR reactors and the dissolved N 2 O concentration was extracted by adopting the procedure proposed by Kimochi et al. (1998) . The measured N 2 O concentrations were used to assess the N 2 O emission factor according to the procedure proposed by Tsuneda et al. (2005) . Table 1 summarizes the average values of COD, N and P removal efficiencies. In terms of COD removal, data of Table 1 show that the solid liquid separation through the membrane allowed to maintain high total COD removal efficiency during each phase and for each plant configuration. However, the biological COD removal (η BIO ) was affected by the influent both by the plant configuration and influent C/N value. Indeed, η BIO increased with the increase of influent C/N. However, for the same C/N value the highest η BIO was obtained for the IFAS-UCT-MBR configuration. This result is mainly debited to the adding role in carbon removal due to the biofilm.
Results and Discussion
Removal Performance
Similar results were found for the nitrogen removal; indeed, the simultaneous growth of biofilm in the aerobic and anoxic reactors was able to enhance the total nitrogen removal in the IFAS-UCT-MBR configuration even at the lowest C/N value (at C/N = 5 ηN tot was equal to 39% and 53.14% for UCT-MBR and IFAS-UCT-MBR configuration, respectively).
The attached biomass in the anoxic reactor has had a key role for the improvement of phosphorus removal under the lowest C/N value. Indeed, as reported in Table 1 during the Phase at C/N = 5 the phosphorus removal failed for the UCT-MBR configuration. This result was due to the COD limitation during denitrification, which caused that a great mass of NO 3 -N was pumped back from the anoxic to the anaerobic tank in the UCT-MBR scheme, thus disturbing the biological phosphorus removal mechanisms. Conversely, the contribution of biofilm (which does not compete for carbon with the suspended biomass) in the IFAS-UCT-MBR configuration allowed to improve phosphorus removal. Figure 1 shows the results of the total membrane resistance (R T ). Data of Fig. 1 show an higher tendency of membrane to be fouled in the IFAS-UCT-MBR (Fig. 1b) configuration than UCT-MBR one (Fig. 1a) . Indeed, five physical cleanings were required during the UCT-MBR configuration to maintain the R T value under the value suggested from manufactures. Conversely, nine physical and four chemical cleanings (adopting sodium hypochlorite) cleanings were required for the IFAS-UCT-MBR configuration. This result is likely debited to the increased sludge viscosity due to the biofilm. For both configurations, the largest part of emission occurred from the aerated reactors (Fig. 2) . However, the aerated reactors of the UCT-MBR configuration emitted much more than that of the IFAS-UCT-MBR configuration. Specifically, on average 3.5% of the influent nitrogen was emitted as N 2 O from the UCT-MBR plant and 0.5% (of the influent nitrogen) from IFAS-UCT-MBR plant. The presence of biofilm and suspended biomass in the IFAS-UCT-MBR plant has improved the nitrogen removal processes efficiency resulting in a sharp reduction of the N 2 O emission factor.
Membrane Fouling
Conclusions
The comparison of two plant configurations (UCT-MBR and IFAS-UCT-MBR) under two different influent C/N ratio (5 and 10 mgCOD/mgN) has been performed. The IFAS-UCT-MBR configuration provided the best results in terms of pollutants removal performance during both the two investigated C/N values. Furthermore, the lowest N 2 O emission (with respect to the influent nitrogen) occurred for the IFAS-UCT-MBR. However, the IFAS-UCT-MBR showed a greater tendency of being fouled respect to the UCT-MBR configuration. This result could have serious effects in terms of indirect GHG emissions due to the increase of the energy requirement for permeate extraction with the increase of membrane fouling.
